c-axis magnetotransport in CeCoIn 5 
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We present the results of out-of-plane electrical transport measurements on the heavy fermion 
superconductor CeCoIns at temperatures from 40 mK to 400 K and in magnetic field up to 9 T. 
For T < 10 K transport measurements show that the zero-field resistivity p c changes linearly with 
temperature and extrapolates nearly to zero at K, indicative of non-Fermi-liquid (nFL) behavior 
associated with a quantum critical point (QCP). The longitudinal magnetoresistance (LMR) of 
CeCoIns for fields applied parallel to the c-axis is negative and scales as B / (T + T*) between 50 
and 100 K, revealing the presence of a single-impurity Kondo energy scale T* ~ 2 K. Beginning at 
16 K a small positive LMR feature is evident for fields less than 3 tesla that grows in magnitude 
with decreasing temperature. For higher fields the LMR is negative and increases in magnitude 
with decreasing temperature. This sizable negative magnetoresistance scales as B 2 /T from 2.6 K 
to roughly 8 K, and it arises from an extrapolated residual resistivity that becomes negative and 
grows quadratically with field in the nFL temperature regime. Applying a magnetic field along the 
c-axis with B > B C 2 restores Fermi-liquid behavior in p c (T) at T less than 130 mK. Analysis of 
the T 2 resistivity coefficient's field-dependence suggests that the QCP in CeCoIns is located below 
the upper critical field, inside the superconducting phase. These data indicate that while high-T 
c-axis transport of CeCoIns exhibits features typical for a heavy fermion system, low-T transport 
is governed both by spin fluctuations associated with the QCP and Kondo interactions that are 
influenced by the underlying complex electronic structure intrinsic to the anisotropic CeCoIns crystal 
structure. 

PACS numbers: 71.27.+a, 73.43.Qt, 75.40.-s, 74.70. Tx 



I. INTRODUCTION 

Extensive evidence for departures from the 
temperature-dependencies characteristic of Fermi- 
liquid (FL) behavior in the thermodynamic properties 
of dr and /-metals has been collected over the last 
fifteen yearsi A key observation is that both the 
Sommerfeld coefficient, 7 = C/T, and the Pauli sus- 
ceptibility x increase with decreasing temperature and 
show no sign of entering a T-indepcndcnt FL regime 
down to the lowest achievable temperatures. Another 
primary indication of non-Fermi-liquid (nFL) behavior 
in heavy fermion (HF) systems is provided by the 
low-temperature non-quadratic (in some systems close 
to linear) temperature dependence exhibited by the 
resistivity in these compounds^ This transport behavior 
may link the heavy-fermion compounds with the copper 
oxide superconductors where a T-lincar resistivity is 
observed over a wide temperature range that often 
extrapolates to zero at T = 0m£ 

Theories trying to explain nFL behavior can be di- 
vided into three categories^ (1) models that describe 
the behavior expected near a quantum critical point 
(QCP), (2) multichannel single-impurity Kondo models, 
and (3) models based on disorder. These general cat- 
egories are not exclusive; an anisotropic multichannel 
single-impurity model also yields a QCP^ while disor- 
der plays an important role in models based on a single- 
impurity mcchanisnijSii in models incorporating interac- 
tions between magnetic ions^ and in theories describing 



spin fluctuations near a QCPi^ The scenario attracting 
the most attention at present associates nFL behavior 
with a nearby magnetic quantum critical point A QCP 
can often be achieved by doping a pure system chemi- 
cally, as in the archetype HF compound UPU doped with 
Pd (Ref. [H, La-doped CeRu 2 Si 2 (Ref. El, Au-doped 
CeCu 6 , (Ref. [H or Si-doped CeCoGe 3 (Ref. Q. This 
introduces additional disorder and makes the situation 
even more challenging for theory because of the need to 
build a unified picture from the aforementioned compet- 
ing mechanisms. Using magnetic field - where possible - 
as a tuning parameter avoids at least some of the com- 
plications associated with doping. Using the field-tuning 
approach has the added advantage of being continuously 
tunable. While a QCP, by definition, produces a T = 
phase transition, the finite-temperature properties of the 
system are also strongly affected^ These properties can 
be examined with a scaling analysis^ in order to inves- 
tigate the nature of the QCP. 

CeCoIn5 is one such system where a QCP can be in- 
duced by magnetic field. Heat capacitj*ii and de Haas- 
van AlpheniSiiS measurements reveal that CeCoIns is a 
heavy-electron system. This compound is an ambient- 
pressure superconductor with the highest T c (2.3 K) 
among the Ce-based HF materials known to-date>i£ The 
unusual magnetic and thermodynamic properties, both 
in the normal and superconducting state, are attract- 
ing great interest in this compound. The specific heat 
CjiiSS thermal conductivity kj2!1 and spin-lattice relax- 
ation time T\ (Ref. Wa\ all display power-law tempera- 
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ture dependencies below T c , while angle-dependent ther- 
mal conductivity^ and specific-heat data^ 3 - show four- 
fold modulation. These results indicate that CeCoIns 
is quite likely an unconventional line-node superconduc- 
tor. In the normal state C/T varies with temperature as 
-In T (Ref. EHHl, 1/T X T is proportional to T" 3 / 4 
(Rcf. I2lll2l . X varies as T-° A2 for B || c and the 
ab-plane resistivity varies linearly with temperature^^ 
These nFL properties have been attributed to the pres- 
ence of a QCP in the magnetic phase diagram. No 
long-range AFM order has been detected in CeCoIn 5 , 
although AFM correlations have been observed^, and 
these correlations may play a crucial role in produc- 
ing the nFL behavior^ Magnetic-field and temperature- 
dependent specific-heatS^ and ab-plane transport mea- 
surements suggest that the magnetic QCP is located close 
to the upper superconducting critical field. B C 2- The ori- 
gin of the QCP and the nature of the quantum fluctua- 
tions in CeCoIn 5 are not yet established. 

Although CeCoIns provides a unique opportunity to 
study nFL behavior without complications caused by al- 
loying, a careful separation of co-existing effects is still 
necessary when analyzing measured properties. For in- 
stance, a systematic study at zero-field has revealed com- 
peting energy scales between single-ion Kondo and inter- 
site coupling effects^ On the other hand, our recent in- 
plane transport study^i has shown that the Hall effect in 
the Ce-115 materials is strongly influenced by the con- 
ventional electronic-structure that these materials share 
with their non-magnetic La-analogs. This suggests that 
when analyzing CeCoIn.5 MR data it is important to ac- 
count for conventional MR effects (as determined from 
LaCoIns MR data) before associating any unusual effects 
with Kondo or QCP physics. 

In this paper we present the results of CeCoIns c- 
axis magnctorcsistance measurements carried out with 
the aim of clarifying the origin of nFL behavior. The 
measurements were made in field strengths up to 9 T and 
at temperatures from 400 K down to 40 mK. In zero field 
the resistivity along the c-axis, p c , varies linearly with T 
from 40 mK to 8 K and extrapolates essentially to zero at 
K. The linear temperature dependence of both p a b and 
p c is consistent with an interplay of strongly anisotropic 
scattering due to anisotropic 3D spin fluctuations and 
isotropic impurity scattering. Applying a magnetic field 
along the c-axis produces a T 2 resistivity, indicating that 
FL behavior has been restored. Careful analysis of the 
T 2 -cocfficicnt field dependence suggests that the QCP is 
located below the upper c-axis critical field, within the 
superconducting phase. The MR ficld-dcpcndcncc below 
8 K shows subtle but important deviations from canoni- 
cal heavy-fermion behavior that may be associated with 
magnetic QCP fluctuations. In this temperature range 
the longitudinal magnetoresistance (LMR) scales with B 
and T as B 2 /T due, mainly, to a negative extrapolated 
residual resistivity that increases quadratically with field; 
at higher temperatures this scaling breaks down, possi- 
bly due to a variation in quenching of Kondo scattering 



by field for different charge-carrier bands. For T greater 
than the coherence temperature (~ 45 K) the LMR again 
shows single-impurity Kondo behavior; the MR data in- 
dicate that the single-ion Kondo scale T* is roughly 2 
K. 



II. EXPERIMENT 

Single crystals of CeCoIns and LaCoIns were grown 
from an excess In flux, as described in Ref. [T^. Ex- 
cess indium was eliminated by etching the samples in 
3:1 HC1:H2 solution. CeCoIns specimens were polished 
into rectangular shape, while LaCoIns samples were left 
in their as-grown plate-like shape. All specimens were 
pre-screened to ensure that there was no sign of an In 
superconducting transition at 3.2 K. Electrical contacts 
in a standard linear four-probe configuration were pre- 
pared with silver epoxy while silver paste was used when 
employing a van der Pauw configuration. 

Two CeCoIns specimens were used in performing 
anisotropic p xx (B,T) and p xy (B,T) (Hall resistivity) 
measurements, hereafter denoted as samples I and II. 
The in-plane and out-of-plane resistivities of CeCoIns 
were determined on crystallographically oriented sample 
I via the anisotropic van der Pauw methodi^ 2 ^ Sam- 
ple I had a thickness of 0.2 mm and lengths of 0.5 and 
0.8 mm along the c-axis and a-axis, respectively. The 
measurements in magnetic field were carried out on sam- 
ple II (0.1x0.2x0.6 mm 3 ), with the longest dimension 
along the c-axis. LaCoIn.5 samples had thickness vary- 
ing from 0.03 to 0.06 mm (along the c-axis) and dimen- 
sions of 0.5x1 mm 2 in the ab-plane. The p a b vs. T 
curves for LaCoIns were normalized to the average value 
of the room-temperature resistivity as determined from 
anisotropic van der Pauw measurements. 

The temperature and field variation of resistivity from 
1.8 K to 400 K and in fields up to 9 T were studied using 
a Quantum Design PPMS cryostat while measurements 
from 40 mK to 2 K were carried out in a 3 Hc/ 4 He dilu- 
tion refrigerator. In both cases resistance measurements 
were made with an LR-700 ac resistance bridge. The 
magnetic field was applied parallel to the current flowing 
through the sample. The advantage of using this longitu- 
dinal configuration is that it minimizes or eliminates the 
influence of "classical" magnetoresistance effects arising 
from the Lorentz force. Magnitudes of the magnetore- 
sistance reported here are defined in the usual way as 
Ap/p o =[p(B)-p(B = 0)}/p(B = 0). 

III. RESULTS 

The out-of-plane (p c ) and in-plane {p a b) resistivities 
of CeCoIns, measured simultaneously on a single crystal 
via the anisotropic van der Pauw technique^ 3 - together 
with the in-plane resistivity of the non-magnetic analog, 
LaCoIns, are depicted in Fig. Q](a). The in-plane resis- 
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FIG. 1: (a) Resistivity of CeCoIns (p a b and p c ) and LaCoIns 
(pab) plotted as a function of temperature. The inset shows 
the out-of-plane and in-plane resistivities of CeCoIns for T 
< 8 K along with linear extrapolations down to zero tem- 
perature, (b) The ab-plane (pm) an d c-axis (p^) magnetic 
resistivities of CeCoIns plotted as a function of temperature. 



tivity of LaCoIns decreases almost linearly with decreas- 
ing temperature and saturates below 10 K to a sample- 
dependent value of roughly 0.05 fid cm. The resid- 
ual resistivity ratio (~ 350) indicates that the crystals 
grown via the flux-growth technique are of high-quality. 
We were unable to measure p c for LaCoIn5 because the 
crystals grow as extremely thin plates. An estimate of 
the LaCoIns c-axis resistivity can be determined from 
LaRhlns transport data. For LaRhIn.5 it was found pre- 
viously that the anisotropy ratio p c / p a b ~ 1.2 is nearly T- 
indcpcndent. suggesting that the inherent nonmagnetic 
electronic anisotropy is relatively small for the RMIns 
(R=Ce,La; M=Co,Ir,Rh) structured In the following we 
assume that p c can be quite reasonably approximate as 
\flpab for LaCoIn 5 as well. 

The temperature-dependence of the CeCoIn 5 zero-field 
resistivity is much more complex than that of its non- 
magnetic analog. At room temperature p c is 2.1 times 
larger than p a t, indicating that magnetic scattering in 
CeCoIns is modestly anisotropic. Between 400 K and 
45 K p c and p a b are weakly T-depcndent. exhibiting a 



very gradual minimum centered at roughly 200 K. Below 
~45 K the resistivity in both directions start to decrease 
rapidly with decreasing T. This behavior is typical for 
Kondo lattice systems and indicates the development of 
Kondo coherence effects^ Below ~10 K p c and p a b vary 
linearly with temperature. Although p a t extrapolates to 
a finite value at zero temperature (3.8 ptt cm for the 
sample I, presented in Fig. [IJ, the out-of-plane resistiv- 
ity of CeCoIns extrapolates nearly to zero (see the inset 
to Fig. □(a)). 

If we assume that Matthiessen's rule is valid, the mag- 
netic parts of CeCoIns 's zero- field resistivities in both 
crystallographic directions, pin and pm b \ can be ob- 
tained by subtracting p^ a from pc e - The in-plane and 
c-axis magnetic resistivities of CeCoIns calculated in this 
manner are shown in Fig. □ (b) . At high temperatures 

both /)m and p™ 6 ' vary as — ln(T), consistent with single- 
impurity Kondo scattering^ Throughout the whole tem- 

(c) 

perature range displayed in the figure p m is higher than 
Pm b \ and the magnetic anisotropy ratio r m = pm I Pm^ 
drops with decreasing temperature. The anisotropy ra- 
tio is ~ 3.2 at 295 K, decreases with decreasing T . and 
reaches a local minimum (r m = 2) at the temperature 
where the resistance shows a coherence maximum (42 K). 
At still lower temperatures r m drops gradually, reaching a 
value of r m = 1.4 at 2.5 K. Apart from the T-dependent 
anisotropy p m is qualitatively the same in both direc- 
tions, with the coherence peak at 42 K. 

The differences between the resistivities of LaCoIns 
and CeCoIns are even more evident when measurements 
are made in a magnetic field. The T-dependent mag- 
netoresistance of LaCoIns varies with temperature in a 
manner typical for a conventional metal. In the whole T 
range studied, 2 K - 300 K, the ab-planc LMR is posi- 
tive. Its magnitude at 9 T increases smoothly with de- 
creasing T, changing from a room-temperature value of 
Ap/p = +0.24% to a 10 K value of Ap/ Po = +33%. 
Below 10 K the LMR decreases slightly in magnitude, at- 
taining a 9 T value of +29% at 2 K. The transverse mag- 
netoresistance (TMR) in the ab-plane (B || c) shows the 
same temperature behavior as the LMR and is roughly 
ten times bigger at all temperatures. A more detailed 
look at the LaCoIns MR temperature and field depen- 
dence will be presented in section HV Al 

The field-dependent longitudinal magnetoresistance of 
CeCoIns measured at various temperatures with B 1 1 c 
is shown in Fig. |2 the data differ markedly from that of 
LaCoIns. The LMR is positive at 350 K, varies quadrat- 
ically with field, and has a 9 T value of +0.12%. The 
LMR decreases with decreasing temperature, and it be- 
comes negative at 110 K. It stays negative in the high 
field region (B > 3 T) down to the lowest temperature 
in the normal state, with a magnitude that grows with 
decreasing T; just above T c the MR achieves a 9 T value 
of —21%. A positive feature is also evident in the LMR 
data below 16 K for H < 3 T, as highlighted in the in- 
set to Fig. 13 Although small compared to the high-field 
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FIG. 2: Longitudinal magnetoresistance of CeCoIns plotted 
as a function of applied field. The low-field region is magnified 
in the inset. 
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FIG. 3: Low-temperature c-axis resistivity of CeCoIns mea- 
sured at various magnetic fields as a function of temperature. 
The field was applied parallel to the current direction. The 
inset shows the c-axis resistivity plotted vs. field at (from top 
to bottom): 133, 106, 82 and 62 mK. 



negative magnetoresistance, the positive feature grows in 
size with decreasing temperature, reaching a maximum 
of 1% just above T c . 

The most dramatic change in the resistivity of CeCoIns 
is revealed when superconductivity is suppressed by ap- 
plying a magnetic field. In zero field p c varies linearly 
with temperature from 8 K down to T c , indicative of nFL 
behavior. Extending the normal state down to lower T 
by applying a magnetic field along the c-axis alters this 
temperature dependence in an important way. This is 



shown in Fig. [3| where p c (T) is plotted for fields greater 
than B C 2 = 5 T. The curvature in p c {T) visible in the 
low-T region in Fig. |21 clearly indicates a departure from 
a linear T-dependence to one of the form p c ~ T n , with 
n > 1. At 5.9 T, p c {T) is proportional to T 2 below 
~ 130 mK, indicating that a field-induced FL state has 
been achieved. The FL regime extends to 0.2 K in a 8.9 
T field (see Fig. [SJ. The LMR in this temperature region 
is negative in the normal state, as shown in the inset to 
Fig. |21 This differs from the positive MR seen in low-T 
ab-plane transport measurements^ 

IV. DISCUSSION 

In analyzing the MR data of CeCoIn 5 it is very impor- 
tant to separate field effects associated with many-body 
or magnetic interactions from conventional effects intrin- 
sic to the complex RC0I115 electronic structure. As such, 
we will start by analyzing the LaCoIns magnetoresistance 
in section llV Al By separating the MR of CeCoIns into 
conventional and magnetic components we can reveal the 
presence of a single-impurity Kondo scale T* in the data; 
this is discussed in section llV Bl The zero field resistiv- 
ity at low temperatures along the c-axis is analyzed in 
section llV Cl and compared with p a b{T). The magnetore- 
sistance in the coherence regime is a subject of section 
IIVDI Lastly, section llV El is devoted to the restoration 
of FL behavior by applying a magnetic field. 

A. The magnetoresistance of LaCoIns 

Above 20 K the magnetoresistance intrinsic to the 
RCoIns electronic structure, given by the MR of 
LaCoIns, is a significant part of the total CeCoIns MR. 
At 50 K, for example, the MR of LaCoIns accounts for 
roughly 20% of the total MR exhibited by CeCoIns in 
9 T. Thus, before analyzing CeCoIn 5 's MR, we focus in 
this section on the magnetoresistance of its nonmagnetic 
analog. 

The transverse and longitudinal ab-plane MR of 
LaCoIns measured at temperatures from 300 K down to 
20 K and in fields to 9 tesla are plotted as a function of 
B divided by the zero-field resistivity (po) in Fig- El The 
data clearly collapse onto a common curve, indicating 
that Kohler's rule^i 



(where F(x) is an unspecified function that depends on 
details of electronic structure) is fulfilled in LaCoIns over 
a wide range of T encompassing an almost two order-of- 
magnitude variation in pq. Changes in temperature evi- 
dently alter the magnitude of the relaxation time, t, by 
the same factor for all electron wave vectors, k, without 
altering the form of r(k)m& The literature on magnetore- 
sistance in metals focuses far more attention on applying 



5 







(a) 



i ; ; — 1 1 1 1 1 r 

LaCoIn n ^ 

T 
T 
T 



- 2 fL 






= 5K 






=10 K 










12 






8 




% 






H 


4 












B/p n (T/mD cm) 



FIG. 4: (a) Transverse (B | c) and (b) longitudinal (B || ab- 
plane and current) ab-plane magnetoresistance of LaCoIns as 
a function of B/p(B — 0). The open circles in both panels 
show the 9 T magnetoresistance for (from left to right) T = 
300, 200, 150, 100, 70, 60, 50, 40, 30 and 20 K, respectively. 
The solid line in both panels correspond to field-swept (0 to 
9 T) MR data taken at the temperatures listed above; these 
field-sweeps are indistinguishable from one another, indicat- 
ing that the MR of LaCoIns obeys Kohler's rule. MR data at 
2, 5, and 10 K are also shown in (a) and the inset to (b) as a 
function of B/p(B = 0). The inset to (a) shows the transverse 
MR at 2, 5, and 10 K as a function of B 2 . 



Kohler's rule to the transverse configuration, and all but 
ignores the longitudinal configuration. It is worth noting, 
however, that the scaling argument describing the way 
in which the trajectory of the charge carriers is altered 
when the field B and the scattering rate 1/r are simul- 
taneously increased by the same factor can be applied to 
any measured resistivity As such, Eq.^can, in principle, 
be applied to any component of the resistivity tensor ^£ 
Deviations from Kohler's rule are evident in the LaCoIn.5 
MR data below 20 K. This is the same T region where 
the p{T) curve becomes saturated, i.e. where residual 
impurity scattering begins to dominate electron-phonon 
scattering. A change in the dominant scattering mecha- 
nism leads, presumably, to an alteration in r(fc) below 20 
K, resulting in modest deviations from Kohler's rule^ 

As shown in the insets to Fig. 0] the low 
temperatures/high- field ab-planc MR of LaCoIns be- 
comes strongly anisotropic, and the behavior in the high- 



field limit reflects the underlying Fermi surface topology 
intrinsic to the "115" structure. The LMR (H _L c) at 
2, 5 and 10 K saturates in high fields while the TMR 
(H || c) increases approximately as B 2 without any sign 
of saturation when measured in fields up to 9 tesla. In 
a compensated metal (such as LaCoIns) where the area 
of hole and electron Fermi surfaces are equal, the TMR 
is expected to vary quadratically with B in the high- 
field limit when all orbits in planes normal to the ap- 
plied field direction are closed^ The electron and hole 
Fermi surfaces in La- 115 and Ce-115 materials are very 
complexji2di4^ and both de Haas-van Alphen (dHvA) 
measurements and band-structure calculations indicate 
that the complex FS topology of LaRhlns is dominated 
by corrugated electron-like cylindrical orbits that run 
along the c-axis4i In such a situation the orbits in the 
ab-plane (B || c-axis) are indeed closed, offering a sim- 
ple explanation^ for both the independence of the ab- 
planc TMR and the linear independence of the Hall volt- 
age reported recently^ For a magnetic field applied per- 
pendicular to the axis of a corrugated cylinder, the LMR 
is expected to saturate in the high- field limit ^ This ten- 
dency is observed in the LaCoIns MR when a field is ap- 
plied in the ab-plane (see the inset to Fig. E^b)). Hence, 
the directional dependence of the low-T MR in LaCoIns 
is consistent with the cylindrical Fermi surface topology 
observed in dHvA measurements. 



B. Single impurity regime of CeCoIns. 

By utilizing our knowledge of the MR of LaCoIns 
it is possible to examine the CeCoIns magnetoresis- 
tance components that stem from Kondo or other mag- 
netic interactions. Again, assuming that Matthiessen's 
rule is valid at finite field, we can simplify the MR 
problem by decomposing the total independent resis- 
tivity of CeCoIns, p to t(B), into two independent parts: 
Ptot(B) = p ma , s (B) + pLa(-B); p ma , s (B) here is the 
magnetic-scattering contribution to the overall resistiv- 
ity. We assume that the contribution of all other mecha- 
nisms can be approximated by the field-dependent re- 
sistivity of LaCoIns, pL a (B). The similarity between 
the electronic structures of CeRhlns and LaRhlns as ob- 
served in dHvA measuremcntsiSiii corroborates this sup- 
position. Next we define the magnetic part of the mag- 
netoresistance, MR mag , as 



MR n 



Pmag (B) 

Pmag(0) 



Pmag{0) 



Pmag(O) 



(2) 



In determining the magnetic longitudinal magnetore- 
sistance of CeCoIns (LMR„ la9 ) we are forced to infer the 
c-axis B and T-dependent resistivity of LaCoIns from ab- 
plane data because the La-analog sample thickness pre- 
cludes making c-axis transport measurements. As dis- 
cussed in the previous section, Fermi surface anisotropy 
only influences the magnetoresistance of LaCoIns in the 
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FIG. 5: f-electron contribution to the CeCoIns longitudinal 
MR as a function of B/(T + T*), with T* = 2 K. 



low-T region. As such it is reasonable to assume that the 
c-axis and ab-plane magnetoresistance of LaCoIns will be 
similar above ~ 20 K. 

By following this recipe we find that the magnetic con- 
tribution to the longitudinal MR of CeCoIns is negative 
below 200 K, varies quadratically with field, and grows 
in magnitude with decreasing temperature; for example, 
in a field of 9 tesla, the magnetic contribution to the 
longitudinal MR is -0.3% and -1.2% at 100 and 50 K, 
respectively. A negative MR that grows with decreas- 
ing temperature and increasing field is consistent with 
single-ion Kondo behavior^ Thus it is natural to carry 
out a scaling analysis of the LMR mag data as suggested 
by the Bethe-ansatz solution of the Coqblin-Schrieffer 
model4^& In this single-impurity Kondo model the rela- 
tive magnetoresistance depends on B and T only through 
the ratio B/(T + T*), 



Ap(g,T) 
P(0,T) 



f 



B 



(3) 



where T* plays the role of the single-ion Kondo temper- 
ature. In Fig. [S] we show that all LMR mag (B) curves 
between 50 K and 100 K can be superimposed onto a 
single unique curve when the data are scaled according 
to Eq. ©. Scaling works best for T* = (2 ± 2) K. Al- 
though this value is a relatively small number when com- 
pared with the temperature range of interest, the quality 
of the scaling overlap begins to deteriorate when T* is 
changed to values greater than 4 K. The temperature- 
range over which the MR data scale coincides roughly 
with the region of —log T behavior exhibited by p m (see 
Fig. The presence of a small single- impurity Kondo 
energy scale of roughly 1 to 2 K was reported in a sys- 
tematic study of the zero-field resistivity, magnetic sus- 
ceptibility, and specific heat of Cei_ x La x CoIn 5 (Ref. 0). 
The Kondo energy-scale was found to be essentially con- 
stant from the dilute limit (x — > 1) to the Kondo lattice 
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FIG. 6: Zero field resistivity of CeCoIns plotted as (p — 
po)/T n vs. T. The upper and lower curves show p a b and 
p c of sample I as measured via the anisotropic van der Pauw 
method, while the middle curve depicts p c for sample II. The 
best fit for the ab-plane data (corresponding to a horizontal 
line) occurs for po — 3.8 pQ cm, while fits to the c-axis data 
leads to slightly negative po values: po — —0.30, and —0.39 
pQ cm for sample I, and II, respectively 



limit (x — * 0). Hence, by properly accounting for conven- 
tional non-magnetic contributions to the MR, we arc able 
to discern the single-impurity energy scale in the overall 
magnctotransport properties of CeCoIns. 



C. Transport at zero field in non-Fermi-liquid 
regime 

In this section we examine the influence of AFM- 
fluctuations, dimensionality, and disorder in the low 
temperatures zero-field transport of CeCoIns where in- 
plan o 25 i 30 and out-of-plane resistivity data clearly show 
evidence of nFL behavior. We fit the low-T data to the 
form 



p(T) = Po + AT" 



(4) 



by plotting the data as (p — po)/T n vs. T and adjusting 
n and po to produce a horizontal line. As pointed out 
previously^ this approach produces fitting parameters 
that are far less sensitive to the temperature range under 
consideration than when directly fitting the data to Eq. 
□ 

Results for CeCoIns samples I and II are plotted in 
Fig- El Simultaneous measurements of p c (T) and p a b(T) 
on sample I produce fitting exponents that are essentially 
equivalent: n ab = 1.03 ± 0.02 and n c = 0.97 ± 0.02. The 
ab-plane resistivity begins to deviate from this linear T- 
dependence above 12 K, while the c-axis data show a 
similar deviation starting at 8 K. The ab-plane data also 
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deviate from the horizontal trend for T < 4 K, well above 
T c . A similar deviation, although at a slightly lower tem- 
perature (~ 3.4 K), was observed previously^ and at- 
tributed to the opening of a pseudogap. The existence of 
such a gap is still subject to debate^ since specific heat 
and magnetic susceptibility measurements have yet to 
produce confirming evidence that it exists. As indicated 
in Fig. El c-axis measurements on sample II give practi- 
cally the same result as for sample I, with a power-law 
exponent of n c = 1.00 ± 0.02. The data therefore reveal 
that the out-of-plane resistivity in CeCoIn 5 changes lin- 
early with temperature between T c and roughly 8 K and 
show no evidence for a pseudogap. 

The spin fluctuation (SF) theories of non-Fcrmi-liquid 
behavior predict n = 1 and n = 1.5 for two-dimensional 
and three-dimensional quantum-critical (QC) systems, 
respectively. 10 i 47 i 48 i 49 i 50 Recent In-NQR and Co-NMR 
measurements indicate that the AFM spin fluctuations in 
CcCoIns arc 3D with anisotropy such that the magnetic 
correlation length along the c-axis is shorter than that 
within the tetragonal planed If AFM spin fluctuations 
associated with a QCP arc responsible for the T-lincar 
resistivity exhibited by CeCoIns, then correlation- length 
anisotropy provides a simple explanation of why the tem- 
perature region of linear p(T) dependence for in-plane 
transport is larger than for transport along the c-axis. 

The discrepancy between the observed temperature 
exponent (n = 1) and that expected for 3D system 
(n = 1.5) can be clarified by taking into account the 
role of disorder in a 3D system. When the dual effects 
of isotropic impurity scattering and anisotropic spin- 
fluctuation scattering on p(T) are calculated for a 3D 
system, p oc T 1,5 behavior is only realized at very low 
temperatures on the order of 10 _3 r, where T is a charac- 
teristic SF energy scaleASSiSi For HF systems T is com- 
parable to the coherence temperature, T co h~ CeCoIn,5 
resistivity data indicate that T co h ~ 45 K, so that the 
aforementioned very-low-T region (T < 45 mK) is not ac- 
cessible due to the 2.3 K superconducting transition. In 
the experimentally accessible intermediate-temperature 
region transport exponents near 1.0 are expected for a 
clean systemiS Following Rosch, the inverse of the resid- 
ual resistivity ratio can serve as an estimate of the degree 
of disorder, x « p ab (T -> 0)/ p ab (300K)M According to 
this criterion sample I with x ~ 0.1 is relatively clean 
and n ~ 1 is expected in the temperatures of the order 
of ~ O.ir^ and this is what we observed experimentally. 



D. The magnetoresistance of CeCoIns in the 
coherence regime 

In this section we discuss the LMR of CeCoIns for 
temperatures below the point where the zero-field re- 
sistivity exhibits a coherence peak (T co h ~ 45 K). The 
data plotted in Fig. [21 clearly indicate that the LMR 
is generally negative and grows in magnitude with de- 
creasing temperature. For T < T co h the zero-field re- 
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B 2 /T (T 2 /K) 

FIG. 7: LMR isotherms for CeCoIn 5 at 2.6, 2.8, 3.0, 3.5, 
4, 5 and 6 K plotted as a function of B 2 /T; the dashed line 
is a guide to the eye. The inset shows the field of the LMR 
maximum B m as a function of temperature. The B m value 
at T = comes from the zero-T extrapolations of LMR(T) 
data taken at different fields. 

sistivity of LaCoIn 5 is minuscule compared to the resis- 
tivity of CeCoIns {pLa/pce ~ 0.2%), and their ratio is 
essentially unchanged even in 9 T. As such, any con- 
ventional electronic-structure contribution to the mag- 
netoresistance of CcCoIns is negligible, and the MR of 
CeCoIns below 20 K can be fully attributed to the pres- 
ence of Ce ions and f-electrons. 

We focus first on the negative contribution to the low- 
temperature LMR that dominates the data depicted in 
Fig. |21 for B > 3 tcsla. This negative component varies 
quadratically with field and grows rapidly with decreas- 
ing temperature. As shown in Fig. [7| the LMR field 
sweeps for temperatures ranging from 6 K down to T c can 
be superimposed onto a common line when the data are 
replotted as a function of the scaling parameter B 2 /T. 
The c-axis resistivity shows nFL behavior (p c oc T) at the 
temperatures where the MR data scale in this way. The 
cause for the B 2 /T LMR scaling in the nFL regime be- 
comes clear when we parameterize the resistivity through 
the expression 

p(B,T) = Pres {B) + a(B)T. (5) 

The p(B,T) data vary linearly with T from 1.5 K up to 
roughly 8 K, and the field dependence for p res and a as 
extracted from linear fits to the p(B, T) data are shown 
in Fig. |S1 The slope is weakly field-dependent, changing 
by only 1.1% when the field is increased from to 9 tesla. 
In contrast, the extrapolated residual resistivity term is 
quite field-dependent; beginning at B = where p res is 
essentially zero, the residual term becomes increasingly 
negative as B is increased, and it varies quadratically 
with the field strength. The p(B,T) parametrization 
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FIG. 8: Fitting parameters from constant-field CeCoIns data 
for 1.8K < T < SK plotted as a function of field. The solid 
line is a quadratic fit to p res (B) with a small B = offset. 



as can be seen in the inset to Fig. [5] The positions of 
these maxima, B m , obtained from polynomial fits to the 
low-field LMR data, are shown in the inset to Fig. [7| 
The difference between the low-field MR in a coherent 
Kondo system and that of CeCoIii5 resides in the fact 
that the extrapolated residual resistivity term in CeCoIns 
produces a negative MR while a small positive MR re- 
sults from the slight increase in the slope of p(T) shown 
in Fig. [5] This positive component grows relative to the 
negative residual term with increasing temperature, re- 
sulting in B m moving to higher fields as the temperature 
is increased. The field-dependent evolution of the MR in 
CeCoIns is quite different from that of a Kondo system 
that does not show nFL behavior in the low-T resistivity. 
As such the low-field positive LMR in CcCoIn5 is consis- 
tent with field quenching of the AFM spin fluctuations 
responsible for the nFL behavior. 



shown in Fig. [8] indicates that the applied field serves 
to offset the nFL resistivity downward. The B 2 /T LMR 
scaling directly follows from (1) a field- independent slope 
in p(T), (2) a negligible residual resistivity at B = 0, and 
(3) p res oc — B 2 at higher fields. The increasingly nega- 
tive B-dependent residual resistivity evident from 1.5 K 
to 8 K is an indication that the resistivity must become 
a stronger function of T (p oc T n with n > 1) at lower 
temperatures. Hence, the negative p res (B) term in the 
nFL state simply reflects the fact that the magnetic field 
pushes the system into a FL state at much lower tem- 
peratures. This point will be discussed further in Sec. 

hvei 

We turn now to the low-field range where a positive 
LMR is observed and the aforementioned B 2 /T scal- 
ing no longer holds. As shown in the inset to Fig. |3 
this small positive LMR appears beginning at roughly 
16 K with a magnitude that increases with decreas- 
ing T, reaching a maximum value of ~ 1% near the 
onset of superconductivity. A low-field positive mag- 
netoresistance is a common attribute of Kondo-latticc 
systems in or close to their Fermi-liquid ground-state. 
This behavior is exhibited, for example, by CeRu2Si2 
(Ref. |H, CeAl 3 (Ref. EjH, YbNi 2 B 2 C (Ref. H), 
and CeRhIn5 (Ref. 13^) . In a Kondo-lattice Fermi- 
liquid the MR maximum results from the competition 
between a T-independent residual resistivity contribution 
that increases in a magnetic field, and a temperature- 
dependent term that decreases in a magnetic field and 
grows quadratically with temperature However, for 
the aforementioned Kondo-lattice case the location, B m , 
of the MR maximum moves toward lower fields with in- 
creasing T, as illustrated in Fig. 3 of Ref. |H3 This oc- 
curs because the negative MR component stemming from 
charge fluctuations grows with increasing temperature. 
In CeCoIns the opposite trend is observed up to 6 K 
- the maxima shift toward higher fields with higher T, 



At roughly 6 K a significant change in the LMR be- 
havior takes place; B m becomes T-independent above 6 
K and the data no longer follow the B 2 /T scaling rela- 
tionship. Attempts to find any simple MR scaling in the 
range 7 K-20 K were unsuccessful. To clarify the possi- 
ble origin of this LMR behavior we carried out Hall effect 
measurements on sample II below 20 K with J||c and the 
Hall voltage V xy measured in the ab-plane. Two charac- 
teristic features are present in the data: first, V xy varies 
nonlincarly with field and it changes sign as well. Sec- 
ond, constant-temperature V xy (B) curves shift toward 
lower values with increasing T up to 6 K, and then they 
start to move in the opposite direction - to higher values 
- above 6 K. With regard to the second effect, a shal- 
low minimum in the Hall coefficient Rh{T) centered at 
roughly the same temperature has been seen in ab-planc 
transport measurements when the field exceeded 0.5 Ti^i 
This temperature dependence is typical for multi-band 
electronic structure system in which the weighted contri- 
bution from different bands changes with temperature^ 
The nonlinear field dependence of V xy can be attributed 
to the Kondo interactions present in the system. When 
an external field is applied to a HF system, the Kondo 
resonance will broaden, split, and ultimately shifts be- 
low the Fermi energy When two bands are present, 
the response to an applied field can be different for the 
carries in these two bands. The band for which the field 
suppresses the Kondo effect more efficiently will carry a 
larger fraction of the aggregate transport current as the 
field is increased. It seems quite reasonable that this 
mechanism can explain the observed change in the sign 
of the constant-temperature Hall voltage with increasing 
field, while a subtle interplay between Kondo interac- 
tions and multiple bands with different carrier-mobility 
T-dcpcndencics could be responsible for the change in 
the LMR field dependence for T > 6 K. 
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FIG. 9: The c-axis resistivity of CeCoIns in the mK range 
plotted as a function of T 2 for fields applied parallel to the 
c-axis. Solid lines are linear fits from 40 mK up to Tpl(B). 
The inset shows the product ATp L (in jj.fl cm) plotted as a 
function of the field strength in tesla. 



E. Restoration of Fermi-liquid behavior by 
magnetic field 

This section is devoted to an analysis of the field- 
induced FL behavior evident in p c (T) data for large 
magnetic fields. Applying a magnetic field along the c- 
axis causes a dramatic change in the low-temperature 
T-depcndence of p c in the normal state. At 5.9 tesla the 
resistivity data below 130 mK can be described by the 
expression 



p(B,T) = Po (B)+A(B)T 2 , 



(0) 



characteristic of FL behavior. The temperature range 
of FL behavior becomes larger with increasing field 
strength. The upper limit of the range where Eq. [S] is 
valid may be roughly identified as a characteristic tem- 
perature, Tfl, for the onset of Fermi-liquid behavior. 
Tfl was determined at each field using a procedure de- 
scribed in Ref. that works as follows: a straight line 
was fit to the first five p c vs. T 2 data points beginning at 
40 mK and the resulting reduced % 2 error was calculated. 
The procedure was repeated by including successive data 
points at higher temperature, and Tpl was determined 
as the temperature T x where \ 2 starts to grow rapidly. 
Plots of (p — po)/T 2 at different field strengths were also 
used to determine Tfl as precisely as possible. In the 
Landau FL theory the coefficient A in Eq. is inversely 
proportional to the square of the characteristic tempera- 
ture governing the FL behavior. The calculated product 
AT FL is depicted in the inset to Fig. |5J the error bars 
reflect the uncertainty in determining the position of T x 
following the procedure described above. Within these 
error bars AT FL is constant, confirming the consistency 
of our analysis. 




B(T) 

FIG. 10: The T 2 resistivity coefficient A plotted as a func- 
tion of field. The solid and open symbols correspond to 
temperature-sweep and field-sweep data, respectively. The 
solid line shows the least-squares fit to Eq. |7| when setting 
p = 1.37; the fit gives B cr = 1.5 ± 0.2 T. The dashed line 
shows the fit when setting B cr = B C 2- Field-dependent po 
values are shown in the inset. 



We now use the field dependence of the coefficient A to 
determine the location of the QCP in CeCoIns in relation 
to the c-axis upper critical field B c2 = 4.95 teslai W'^ 1 Val- 
ues of A at different fields, taken both from fits to p c {T) 
data taken at various fields and from p c (B) data taken at 
various temperatures, are shown in Fig. 1101 The data in- 
dicate that A is a decreasing function of field, an entirely 
expected result given that this coefficient is a measure of 
the strength of quasi-particle-quasi-particle interactions, 
and, as such, is proportional to the effective mass. We fit 
the data to a formula that models the diverging behavior 
of A, 



A(B) = 



A 



(B — B cr ) 



(7) 



where B cr is the critical field where A diverges, p is the 
critical exponent (p > 0), and Ao is a constant. The dy- 
namic range over which A(B) can be measured is limited 
because the superconducting ground-state masks the FL 
transport behavior for fields less than roughly 6 tesla. 
For this reason determining B cr and p unambiguously 
requires care when analyzing the data. A plot of l/A vs. 
B shows upward curvature, indicating that p > 1. An 
upper limit on B cr can be obtained if we fix p to 1 and 
perform a non-linear least-squares fit to the data; this ap- 
proach gives B cr = (3 ± 0.2) tesla, a value that is clearly 
less than B c i- If we use p = 1.37 as determined from 
ab-plane transport and specific-heat measurements^ 
the best-fit to the data (the solid line in Fig. 110(1 gives 
B cr = (1.5±0.2) tesla, putting the QCP even farther into 
the superconducting state. If, alternatively, we force the 
critical field to coincide with B C 2, the resulting best-fit 
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critical exponent (p = 0.5) provides a very poor descrip- 
tion of the data. This fit, depicted in Fig. ^|as a dashed 
line, has a % 2 error 10 times greater than that for the fit 
that gives B cr = 1.5 tesla. Clearly, the c-axis transport 
data are inconsistent with B cr being close to B C 2, but 
instead places the QCP well inside the superconducting 
phase. In a very qualitative sense the negative values of 
p res (B) obtained for fields greater than roughly 2 tesla 
(see Fig. |5J) arc also consistent with this conclusion. In- 
terestingly, a linear fit to a plot of po/A vs. B gives a 
zero-intercept at B cr — (1.7 ± 0.4) T, i.e. at the same 
field (within the error bars) as B cr determined from the 
fit with p = 1.37. As shown in the inset to Fig. [3] the 
magnetoresistance is affected by superconducting fluctu- 
ations for fields below 5.9 T. This precludes enhancing 
the dynamic range of the data by determining A at lower 
fields. Despite the limited field range used in the analy- 
sis, c-axis transport data clearly suggest that the critical 
point resides well inside the superconducting phase. 

This conclusion appears to be at odds with ab-planc 
transport and specific heat measurements2SiSliS2iSi which 
show rather clearly that the critical point coincides with 
B C 2. Those measurements indicate that, despite a fac- 
tor of 2.4 difference in B C 2 for B _L c and B || c, B cr 
tracks B C 2 for either field directioni25i2M2i Even more 
compelling is the fact that B cr still coincides with B C 2 
when the critical field is reduced by 50% through Sn 
doping^ These results indicate that it is more than 
just a coincidence that the critical field occurs at B C 2. 
Why, then, do c-axis magnetotransport data place B cr 
far below B C 2? The complexities intrinsic to the elec- 
tronic structure of CeCoIns may be responsible. Band 
structure calculations and de Haas- van Alphen measure- 
ments indicate the Fermi surface of CeCoIns is composed 
of 3D hole pockets and c-axis oriented 2D electron-like 
sheets. 18-41 While ab-plane transport involves carriers on 
both pieces of the Fermi surface, c-axis transport will 
be carried predominately by the 3D pockets. Given the 
large anisotropy in B cr and B C 2, it is not unreasonable 
to conclude that critical fluctuations arc more prevalent 
on the 2d sheets. If true, c-axis transport would not 
be heavily influenced by fluctuations associated with the 
QCP, but would instead reflect a more complicated mix of 



field-dependent transport effects. These magnetotrans- 
port complications could alter our critical point analysis 
sufficiently to mask the true location of B cr . 



V. CONCLUSIONS 

The c-axis transport of CeCoIns is dominated by 
single-impurity Kondo scattering at high temperatures 
while AFM critical fluctuations associated with a nearby 
QCP control the transport at low temperatures. Be- 
tween 50 and 100 K the longitudinal magnetoresistance of 
this Kondo lattice compound is consistent with a single- 
impurity Kondo energy scale of roughly 2 K. Below 10 K 
the T-linear nFL behavior of both p a b and p c are consis- 
tent with anisotropic 3D AFM spin fluctuations in a rel- 
atively clean system. As in previous ab-plane studies^ 
applying a magnetic field along the c-axis restores FL be- 
havior at low temperatures. In sharp contrast to those 
ab-plane magnetotransport measurements, the field de- 
pendence of p c in the field-induced FL regime suggests 
that the QCP in CcCoIns resides well inside the super- 
conducting phase; this result is at odds with a number 
of ab-planc transport and thermodynamic measurements 
which place the critical point at B C 2- The magnetic fluc- 
tuations associated with the QCP influence the trans- 
port properties at least up to 16 K. The influence that 
these fluctuations have on the electronic transport are re- 
duced by increasing the temperature or applying a mag- 
netic field to the system. For large fields the LMR be- 
comes negative as the system is pushed away from the 
QCP. Changes in the LMR field dependence above 6 K 
suggest that the complex multiband electronic structure 
strongly influences the -B-dependent electronic transport 
in CeCoIns. 
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